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Vascular cell adhesion molecule 1 (VCAAi- 1 )t in- 
ducible cell adhesion molecule 110 is a mononu- 
clear leukocyte-selective adhesion molecule, 
expressed on vascular endothelium following activa 
Hon by certain cytokines or endotoxin This indue 
ible transmembrane protein and member of the 
immunoglobulin gene superfamily was previously 
reported to contain six immunoglobulin! ike do- 
mains. Using the polymerase chain reaction, a 
VCAM- 1 cDNA was obtained from mRNA of interleu 
kin 1 (1L If treated cultured human umbilical vein 
endothelial cells (HUVEC) The cDNA clone con 
tained an additional 216 base pair (bp) domain, to 
cated between domains 3 and 4. This new domain is 
most homologous to the existing N terminal domain 
(domain I). The interned 276bp region is encoded 
by a single exon of the human VCAM-1 gette. indi 
eating that the two forms of mRNA arise by attema 
tive splicing Both fortns of VCAM-1 mRNA were 
detected by polymerase chain reaction in Il- 
l-stimulated HUVEC. although the seven-domain 
form appeared predominant. On the surface of 
HUVEC only a UO-kd polypeptide, consistetit with 
the seven-immunoglobulinlike domain form of 
VCAM-1, was detectable by immunoprecipitation. Al- 
ternative splicing of the VCAM 1 gene in cytokine 
activated endothelium may generate functionally 
distinct cell surface adhesion molecules. (Am f 
Patljol 1991, 138:815^820) 

The activation of endothelium by cytokines or endotoxin 
is a pathophysiologic response which alters the homeo- 
static functions of these vascular lining cells. A prominent 



feature is an alteration of endothelial surface adhesive 
properties by induction of leukocyte adhesion molecule 
expression (reviewed in Cybulsky and Gimbrone 1 )- 
These molecules contribute to the hyperadhesive surface 
change observed in activated cultured endothelium, and 
have been ideniified in vivo in various pathologic 
conditions. 1 To date three inducible leukocyte adhesion 
molecules have been identified in endothelium and mo- 
lecularly ctoned, each with a unique expression profile 
and function. These include endotheliaWeukocyte adhe- 
sion molecule 1 (ELAM-1). a member of the selectin 
family 2 intercellular adhesion molecule 1 10 (ICArVM), 3 - 4 
and vascular cell adhesion molecule i (VCAM- 
1 inducible cell adhesion molecule 1(INCAM-1), 5 - 6 the 
latter two members of the immunoglobulin gene 
supertamtly 7 

VCAM-1/INCAM-1 10 was identified independently by 
two different strategies. One used a monoclonal antibody 
produced to tumor necrosis factor (TNF)-activated hu- 
man umbilical vein endothelial cells (HUVEC) that identi- 
fied an inducible 110-kd surface protein, designated IN- 
CAM-110. which supported the adhesion of mononu- 
clear leukocytes and certain tumor cells 68 The other 
used a eukaryotic expression cloning strategy and iderv 
Mfieri a cDNA clone from an interleukin-1 (||_- 
1 Emulated HUVEC, designated VCAM-1, which sup- 
ported the adhesion of myelomonocytic and lymphocytic • 
leukocyte cell lines 5 This cDNA encodes a transmem- 
brane protein with six immunogtobulinlike domains 5 Sub- 
sequently the antibody to INCAM-1 10 was found to bind 
specifically to SV40-transformed African green monkey 
kidney (COS) ceils transacted with a polymerase chain 
reaction (PCR)-produced VCAM-1 cDNA clone 8 lY\e 
leukocyte ligand for VCAM-1 is the integrin (VUM, 
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CD49d/CD29), a heterodimeric molecule present on 
monocytes and lymphocytes, but not neutrophils: conse- 
quently VCAM-1 selectively supports mononuclear leu- 
kocyte adhesion 9 fn vivo VCAM-1 expression is induced 
on vascular endothelium of postcapillary venules in 
pathologic conditions associatec with inflammation a * 10 
In the present report, we show that alternative splicing of 
the human VCAM-1 gene gives rise to a protein with 
seven immunoglobulins domains, which appears to be 
the predominant form of VCAM-1 in activated HUVEC. 



Methods 

Cloning of VCAM-1 from Human Umbilical 
Vein Endothelium Using the Polymerase 
Chain Reaction 

Second culture HUVEC isolated from two to six umbilical 
cords 3 were treated with 10 U/ml of recombinant human 
IL-1 beta (Biogen, Boston, MA) tor 6 hours at 37°C; cyto- 
plasmic RNA was prepared by a detergent lysis 
protocol. 11 First strand cDNA was synthesized curing a 
1-hour incubation (42°C ; final reaction volume of 40 n'). 
using 1 p.g of RNA as template. 50 ng of an oligonu- 
cleotide primer complementary to the sequence found 
in the 3' untranslated region of VCAM-1 mRNA- 
GGGTCATATAGTCTTGTAGAAGCACAGAAATC. ana 
100 U ol avian myeloblastosis virus reverse transcriptase 
(Molecular Genetic Resources. Tampa, FL). Two rounds 
of PCR were performed using nested primers, and 5 p-l of 
first-strand cDNA or first-round PCR p r oaucts as 
templates. 12 Three hundred ng of primers were used for 
the first round of PCR and 150 ng tor the second round 
A primer to the 5' untranslated region of the mRNA- 
GAGCTGAATACCCTCCCAGGCACACACAGGTG and 
the same 3' primer used in cDNA synthesis were used for 
first-round PCR. The nested set of primers consisted of 
GGGTTTTGGAACCACTATTTTCTCATC and a se- 
quence complementary to GTTTAACACTTGATGT- 
TCAAGGAAGAGAAAACTAA. Both rounds of PCR were 
26 cycles performed under the following conditions: 1 
minute of denaturing at 94*C, 2 minutes of annealing at 
50°C, and 6 minutes of extension at 1TC with a 40- 
minute extension time in the first cycle. Polymerase chain 
reaction products (10 were analyzed by standard 
agarose gel electrophoresis and Southern blotting. 11 

The prominent 2.05-kb reaction product from a paral- 
lel set of six PCR reaction tubes was pooled and purified. 
The ends of the PCR product were repaired with the Klc 
now fragment of DNA polymerase I, phosphorylated with 
T4 kinase, and the fragment was subctoned into the 
Hindi site of the plasmid vector pBS (Stratagene, La 
Jolia, CA). according to standard procedures. 11 



Cloning and Sequencing of the Human 
VCAM-1 Gene 

A bacteriophage lambda library of human oeripheral 
blood DNA in the vector EMBL3 13 was platec. nitrocellu- 
lose filters prepared according to standard 
procedures, 11 and screened with a rabbit partial cDNA 
for VCAM-1 (Cybulsky et al. manuscript in preparation). 
The cDNA probe was labeled with Klenow fragment of 
DNA polymerase I in the presence of hexanucleotide 
primers and [a-^P] dCTP. 14 Filters were incubated with 
the radiolabeled probe in 6* SSC buffer, 0.5% sodium 
dodecyl sulfate (SDS) at 65°C. and washed with 0.5 x 
SSC, 0.5% SDS at 65°C. Hybridizing bacteriophages 
were purified and amplified, bacteriophage DNA pre- 
pared, and restriction fragments containing the VCAM-1 
gene ligated into the piasmid vector pBS. n 

Nucleotide sequences were determined by the 
dideoxynucleotide chain termination procedure with 
modified 17 DNA polymerase (United States Biochemi- 
cal Corp.. Cleveland. OH) and [a-^Sl-dATP. Oligonucle- 
otide primers were synthesized using an oligonucleotide 
synthesizer (Applied Biosystems, Foster City. CA) and 
used without purification. 

Immunoprecipitation of VCAM-1 
from HUVEC 

Total cell lysates in 1% Triton X-1 00 (Pierce, Rockford, IL) 
were prepared from surtace-iodmated TNF-treated 
HUVEC (2000/ml, for 24 hours, Biogen), as previously 
described. 15 Lysates (approximately 5 x 10 5 cells in 1 00 
were precleared with nonbinding murine antibody, 
then incubated with 100 mJ of primary monoclonal anti- 
body (4 hours, 4^), followed by goat antibody to murine 
IgG coupled to Sepharose-4B (Organon Teknika. West 
Chester, PA for 2 hours at 4°C). Sepharose beads were 
pretreated with unlabeled lysate to diminish nonspecific 
adherence of labeled proteins. Antigens that were bound 
specifically to Sepharose beads were extensively 
washed and subjected to SDS-potyacrylamide gel elec- 
trophoresis under reducing conditions on 5% to 12% lin- 
ear gradient gels. 15 Monoclonal antibody E1/6 was pro- 
vided by M. Bevilacqua, and immunostained COS cells 
transfected with our VCAM-1 cDNA (data not shown). 

Results 

lnterleukin-1-treated HUVECs express the VCAM-1 
gene 5 A partial cDNA corresponding to the extracellular 
regton of VCAM-1 was generated by PCR. This cDNA 
was 2.05 kb in length, and about 0.25 kb longer than 
would be predicted from the existing human VCAM-1 
sequence. Based on sequencing, the coding region of 
this amplified cDNA was identical to the previously re- 
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ported VCAM-1 HUVEC cDNA clone 5 from ammo acid 
residue 1 to 309. at which point the sequences diverge. 
At the nucleotide level, the sequences were identical to 
bp 1034 of the published sequence," and after an inser- 
tion of 276 bp (Figure 1 ), the two sequences resumed 
identity. "Hie differences in the transcript structure length- 
ens the predicted protein by 92 residues between the 
third and fourth immunoglobulin domains. Recently a 
VCAM-1 cDNA containing the same 276-bp insertion 
was identified by Potte et al. 16 

The amino acid sequence of this additional region, 
designated AS-I, was homologous to other members of 
the immunoglobulin gene superfamily. Members of this 
supertamily contain regions consisting of a disulfide- 
bridged loop that has a number of antiparallel beta- 
pleated strands arranged in two sheets Three types of 
immunoglobulin homology regions (V, C and C2, or H) 
have been defined, each with a typical length and con- 
sensus of amino acid residues at certain positions relative 

Figure 1 . Sucleotuie. (Unlaced annuo acid 

sequence, and location of alter nariielv Intron- 

spliced exon ASl with respect to VCAM-1 

cl)NA Ibe potential N-tinked f>l\>cosyIatto?i 

sue is mviiTlhuxi. 



DOHA IK 3 - 



to the two cysteine residues that form the bridge. 7 AS-I is 
a domain of the C2 or H type, consistent with the other six 
extracellular domains of VCAM-i. Furthermore this se- 
quence was 73% homologous with the N-terminal immu- 
noglobulinlike domain (domain 1) (Figure 2). The AS-I 
domain also contained an additional potential N-iinked 
glycosylatbn site. 

To demonstrate that two VCAM-1 transcripts were de- 
rived by alternative mRNA splicing, the corresponding 
region of the human VCAM-1 gene was cloned from a 
human genomic library. A phage clone was obtained by 
screening a human genomic library with a rabbit partial 
cDNA. Exons, intron-exon boundaries, and portions of 
the introns of the VCAM-1 gene were identified and se- 
quenced (manuscript in preparation). The AS-I domain 
corresponded to a single exon located between exons 
containing domains 3 and 4. Splice donor and acceptor 
sequences flanking the AS-I exon conform to 
consensus. 17 The nucleotide sequence of the AS-I exon 

AS-I 

& I I CT incron 




1050 



ATTAATTCTT CAAC C ATT CC CTACACATCC DOMAIN 4 

LIVQ FPRDP 



AS -I DOMAIN: 

50 

ACAAACCATT TACTGTTGAC ATCTCCCCTC GACCCCGGAT TGCTCCTCAC 
EKPF TVE ISPG PRI A A Q 

100 

ATTGGACACT CACTCATGTT CACATGTACT GTCATGGCCT CTGAATCCCC 
IGDS VML TCS VMGC ESP 

159 

ATCTTTCTCC TGCACAACCC AG AT AG AC AG CCCTCTCACC CCGAACGTCA 
S F S URTQ IDS PLS GKVR 

200 

GGACTCACCC CACCAATTCC ACCCTGACCC TGAGCCCTGT CAGTTTTCAG 
SEC TNS TLTL SPV SFE 

250 

AACGAACACT CTTATCTGTC CACACTGACT TGTGCACATA ACAAACTGGA 
NEHS YLC TVT CCHK KLE 

276 

AAAGGCAATC CACCTCCACC TCTACT 
KGI QVEL YT 
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1 Fk-IETTPESRYLAQICDSVSLTCSTTCCESPFFSURTOIDSPUICK VTNECTTS -TLTMNPVSFCNEHSYLCTATCESRXJiKCTOVEIY 

2 SF?KDPElHLSGPL-EACKPlTVKCSVA*DVYPPDBLEIDLLJCCDHli^ 

3 ISPKHTVrsVKPSTKL-OCCCSVTMTCSSECLPAPEIFBSJUtLDHCNUJH LS-CNATLTL- IAMRKEDSC - rYVCECVNLICKNRKEVELlVl} 

AS- 1 EKPrrVEISPCPRIAAOICDSVMLTCSWCCESPSFSTOTOrDSPlSCV VFSECTKS - TLTLSPVSFENEHSYLCTVTCCHKItLERCIQVELY 

<■ TFFMFEIEMSCCl-VNXSSWSCKVP-SVYmi^^ 

5 VAPRDTTVLVSPSSIL-EECSSVNKTCLSQfiFPAPKILtfSROLPNCELQP tS^ EKATLTL- ISTOlEDSC-VYLCECINQACRSRJXVELIIQ 

A 6 ^PXDIKLTAFPSESV-KECDTVIISCTCCWPETWIIUCWAXTCDm ICS- IDCATTI -RXAQUCDAC - VYECESKNKVGSQUISLTLDVQ 



AS-1 t k p r 



vjEli sjpjc p|r|i a j a q I c d s v(h|l t c s 
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v m|c r. E s p|s 

T T l c c c 5 r j r 
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sic it v|k s;c g Tfwjs t t|l sjp v s r 
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i i • 
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Figure 2. A: Extracellular structure of tlx* sctvti humunoglohuthUike domain farm of VCAM -1. The sequence was aligned to residues 
conserved in C.2 or H t)pe immunoglobulin regions/ Cysteine residues forming disulfide trridges in each domain ate nuikated with 
arrowheads B. Structural iKmiotw Ivtuven Av/ and domain 1. Sequences uvre aligned //>• inspection, and homologous region* Itoxcd 



was identical to that of the cDNA sequence obtained by 
PCR amplification. Although the PCR that we performed 
was not quantitative, the 2.05-kb product generated by 
amplification of VCAM-1 extracellular domains (Figure 1 ) 
suggested that a seven-domain form was the predomi- 
nant mRNA species. To confirm that IL-1-activated 
HUVEC express both forms of VCAM-1 mRNA. we again 
used nested PCR. The same primers and protocols were 
used for first-strand cDNA synthesis and first-round PCR: 
however the nested primers were selected to regions in 



domains 3 and 5 (AATTTATGTGTGTGAAGGAG and 
TTCTGTGAATATGACAT, respectively). By ethidium bro- 
mide staining and Southern blotting with oligonucleotide 
probes to regions of domain 3, AS-I. and 4 ( the predom- 
inant PCR product was 740 bp (Figure 3A), consistent 
with the seven-domain form. However a 464-bp product 
that did not hybridize the AS-I probe also was identified, 
confirming that the six immunoglobulin domain form of 
VCAM-1 was expressed by HUVEC. 

To determine which form of VCAM-1 protein was ex- 



domain 2 I domain 3 



AS-I 



domain 4 



domain S 



200 _ 



C E1/6 



116- ^ 
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Figure 3. A: Identification ofseien mid six immunoglobulin!^ domain forms ofVCAM- 1 mft/VA in 111 -activated endothelium Polymerase 
chain reaction was performed with pnmers corresponding to regions of domains 3 and 5, «> indicated by arrows. These primers should 
generate 740- arid 464-bp products from VCAM-7 cDNA wilb and without the AS-1 domain, retyectiivh. Southern blotting using oligonu- 
cleotide prol?es corresponding to the imderlined regions of domains 3. AS-/, and 4 confirmed rf*? presence of both ipecies. As expected, the 
domain 3 <**d 4 probes fnbndared to both 740- and 464-bp species, ubetvas the AS ! probe hybridized onW to the 740bp product. A domain 
2 probe, which was 5' of t)je region amplified hy PCR t did not lyybridize with either product (right lane) All the above probes hybridized to 
Ox 2.05-kb PCR product generated pretiousty using primers spanning the seven extracellular immunoglobuliniike domains of VCAM-1 
( results wi& domain 2 proJje shown, left lane) Reteiant tyybridization is indicated by anxmheaas hh'bridizing higher molecular weight txuids 
probably represent PCR artifact or mm- he noiel forms of VCAM-1. Molecular weight standards are bacteriophage lambda UNA digested with 
Hind 111 and Bst E It (right). B; Detection of the sei*n immunoglobulin domain VCAM-1 protein on tlx surface of activated etulothetium. 
Immunoprecipitation with monoclonal antibody £7/6 idetitified a 1 10 kd polypeptide from sttrface-iodinuted TNF-aainated HCVEC fysates 
Sodium dodecyl sulfate-potyacrylamtde get eterJropfxsis under reducing conditions on 5% to 12% linear gradient get (C, nonhinding leCl 
monoclonal antibody) 
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pressed on the surface of endothelium, surface iod/nation 
and immunoprecipttation was perlormed. A 1 10-kd poly- 
peptide, consistent with tne seven immunoglobulin do- 
main form, was specifically immunoprecipitated by 
monoclonal antibody E1/S directed to VCAM-1 (Figure 
3B). 

Discussion 

Our data indicate that the six and seven immunoglobulin 
domain forms of VCAM-1 mRNA are derived by alterna- 
tive splicing, in HUVEC activated with IL-1, the seven 
immunoglobulin domain form of VCAM-1 appeared pre- 
dominant. We observed this splice pattern at 1 through 
24 hours of IL-1 activation and noted that a different stim- 
ulus, endotoxin, induced in cultured rabbit endothelium 
predominantly an AS-I domain-containing form of VCAM- 
1 (data not shown). It is conceivable that other patho- 
physiologic stimuli, or expression in other cell types may 
have differenr splicing patterns. Tissue-specific alterna- 
tive splicing has been described in the homologous neu- 
ral cell adhesion molecule. N-CAM. 18 - 19 This possibility 
remains !o be investigated in nonvascular cells in which 
VCAM-1 expression is found, including dendritic cells in 
lymplioid tissues and skin, monocyre-derrved cells in liver 
(Kupffer cells) and spleen, and some epithelial cells in the 
kidney 610 

Our observation that the seven immunoglobulin do- 
main form of VCAM-1 mRNA appears predominant in 
activated HUVEC is consistent with expression of a 1 10- 
kd protein, determined by immunoprecipilation of biosyrv 
thetically labeled cells with monoclonal antibody El/6 € 
El/6 blocked leukocyte adhesion to activated HUVEC. 6 8 
and immunoprecipilation of surface-iodinated HUVEC 
with E1/6 detected only the 110-kd polypeptide (Figure 
3B). Together these data suggest that on the activated 
HUVEC surface, it is the seven-domain form that sup- 
ports adhesion of mononuclear leukocytes. The six- 
domain VCAM-1 cDNA expressed on transfected COS 
cells also supports mononuclear leukocyte adhesion 5 9 
In light of our demonstration of alternate splicing of the 
human VCAM-1 gene, the precise function of the protein 
products will require re-examination. For example, it is 
possible that the seven- and six-domain forms may have 
different affinities or even some difference in specificity for 
leukocytes or tumor cells. 

Recently we have identified in the rabbit a mononu- 
clear leukocyte adhesion molecule whose induction on 
arterial endothelium is localized to developing athero- 
sclerotic lesions. 1S This molecule is expressed as two 
distinct polypeptides, the NH^terminal amino acid se- 
quence of each being highly homologous with the pre- 
dicted seauence of VCAM-1. - b Alternative splicing may 
account for the two forms of this molecule, and in arterial 



endothelium generate structures that have an important 
role in the pathogenesis of atherosclerosis. 
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